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DOI 10.1016/j.devcel.2010.04.007SUMMARY Ungewickell, 1991; Liu et al., 1995; Ybe et al., 1998). During cla-Clathrin-coated vesicle formation is responsible for
membrane traffic to and from the endocytic pathway
during receptor-mediated endocytosis and organelle
biogenesis, influencing how cells relate to their envi-
ronment. Generating these vesicles involves self-
assembly of clathrin molecules into a latticed coat
on membranes that recruits receptors and organizes
protein machinery necessary for budding. Here we
define a molecular mechanism regulating clathrin
lattice formation by obtaining structural information
from co-crystals of clathrin subunits. Low resolution
X-ray diffraction data (7.9–9.0 A˚) was analyzed using
a combination of molecular replacement with an
energy-minimized model and noncrystallographic
symmetry averaging. Resulting topological informa-
tion revealed two conformations of the regulatory
clathrin light chain bound to clathrin heavy chain.
Based on protein domain positions, mutagenesis,
and biochemical assays, we identify an electrostatic
interaction between the clathrin subunits that allows
the observed conformational variation in clathrin
light chains to alter the conformation of the clathrin
heavy chain and thereby regulates assembly.
INTRODUCTION
Clathrin-mediatedmembrane traffic influences cell signaling and
metabolic homeostasis by regulating receptor transport during
endocytosis and organelle biogenesis. Receptor sorting in these
pathways results from self-assembly of the triskelion-shaped
clathrin protein into a polyhedral lattice that coats transport
vesicles and concentrates vesicle cargo (Brodsky et al., 2001;
Ungewickell and Hinrichsen, 2007). The triskelion is formed
from three clathrin heavy-chain (CHC) subunits, with associated
clathrin light-chain (CLC) subunits that prevent spontaneous
CHC self-assembly at physiological pH (Ungewickell and854 Developmental Cell 18, 854–861, May 18, 2010 ª2010 Elsevier Inthrin-coated vesicle (CCV) formation in cells, adaptor molecules
induce the basic clathrin self-assembly reaction, aswell as target
clathrin to membranes and select vesicle cargo (Greene et al.,
2000). Thus cellular clathrin assembly must be a balance
between negative CLC and positive adaptor regulation. It is
therefore puzzling that siRNA depletion of CLC from tissue
culture cells or in vivo perturbation of CLC’s ability to regulate
clathrin assembly have little effect on endocytosis, one of the
major pathways mediated by CCVs (Chen and Brodsky, 2005;
Huang et al., 2004; Poupon et al., 2008;Wang et al., 2006;Wilbur
et al., 2008). To address this conundrum, we investigated CLC
regulation of lattice formation through crystallographic and
biochemical analysis.
There are two isoforms of CLC in vertebrates (LCa and LCb)
with 60% sequence identity and each has neuronal splicing vari-
ants (Brodsky et al., 2001). The differential and tissue-specific
functions of the CLCs have yet to be defined. Their longest
shared sequence, 22 residues near the N termini, is the binding
site for huntingtin-interacting protein 1 (HIP1) and its related
protein (HIP1R). This ‘‘consensus’’ sequence also comprises
an acidic patch (EED) responsible for regulation of the pH sensi-
tivity of clathrin self-assembly (Chen and Brodsky, 2005; Legen-
dre-Guillemin et al., 2005; Ybe et al., 1998). CHCs are divided
into domains starting at the N-terminal domain (residues 1 to
330 in mammalian CHC), which is followed by the ankle (331
to 838), distal leg (839 to 1073), knee (1074 to 1197), proximal
leg (1198 to 1575), and trimerization domain (1576 to 1675)
(Fotin et al., 2004). The combination of the knee, proximal
leg, and trimerization domain constitute the triskelion hub
(1074–1675), which is a self-assembling fragment (Liu et al.,
1995). A 2.9 A˚ resolution structure of the proximal leg revealed
CHC repeats comprising ten helices of 10–12 residues each con-
nected by loops, creating two helical and two loop faces to the
triskelion leg (Ybe et al., 1999). Mapping CLC position along
CHCby electronmicroscopy and immunolabeling has generated
conflicting evidence for a bent or an extended CLC conforma-
tion, suggesting possible conformational lability (Kirchhausen
and Toyoda, 1993; Na¨thke et al., 1992). A reconstructed image
of the assembled clathrin lattice between 7.9 and 12 A˚ resolution
based on cryo-electron microscopy (cryoEM) showed thec.
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Conformational Regulation of Clathrin Assemblybackbone of the central third of the CLC as an a helix bound to
the loop face of the CHC (Fotin et al., 2004), as predicted by
mutagenesis and modeling studies (Chen et al., 2002). How
the N- and C-terminal thirds of CLC interact with CHC was not
evident from these studies.
Here we define the relative topological disposition of the entire
CLC (neuronal isoform of bovine LCb) bound to the CHC hub by
analysis of low resolution X-ray diffraction data from the crystal-
lized complex, resolving the CLC termini. Comparison of this
disassembled fragment to assembled clathrin (Fotin et al.,
2004) suggested that conformational changes in the CLC N
termini negatively regulate lattice assembly by changing CHC
knee conformation. Thismechanism for CLC control of assembly
was verified by mutagenesis and biochemical assays and is
consistent with cellular assays that indicate CLC depletion is still
permissive for clathrin function.RESULTS
Structure Determination for the Clathrin Hub-LCb
Complex at Low Resolution
Purified hub-LCb complex was crystallized by hanging drop
vapor diffusion and formed tetragonal crystals in the spacegroup
I4122, or P42212. Despite significant efforts to improve the reso-
lution, the crystals only diffracted to 7.9 A˚ (I4122 spacegroup).
Few crystal structures have been solved at this low resolution,
but even with associated limitations on revealing atomic detail,
establishing the distribution of electron density can provide
insight into protein topology. Crystal data was phased by molec-
ular replacement using a model that combined multiple sources
of information. An all-atom model of clathrin was created based
on revised sequence homology alignments for CHC repeats and
structurally fitted to the cryoEM structure. Loops that varied
significantly between the model and the cryoEM structure were
refined using a previously described loop-modeling protocol
and the modeled structure was energy minimized (Jacobson
et al., 2004). The final molecular replacement search probe
was a trimer of CHC residues 1280–1630 with all side-chain
atoms but no information from CLC or the CHC N terminus (resi-
dues 1074–1279). Initial maps generated from the 7.9 A˚ (I4122)
data clearly showed density that could be assigned to residues
N-terminal to 1280 of CHC and to CLC. Individual helices were
clearly defined, even outside the search model. Additional
modeled CHC regions were built into maps generated by non-
crystallographic symmetry averaging and refined against crystal
data using a modified simulated annealing protocol with a low
parameter to data ratio. Overall, >90% of CLC was built as poly-
alanine helices and the entire structure was refined to Rwork and
Rfree of 0.42 each (Figure 1 and Table 1). The previously deter-
mined 2.9 A˚ resolution structure of the proximal leg region
(Ybe et al., 1999) fit very well into the refined electron density
of the clathrin hub from the 7.9 A˚ (I4122) hub-LCb co-crystal
(Figure 1B). Diffraction data to 9 A˚ resolution from a second
hub-LCb crystal (P42212 spacegroup) was analyzed very conser-
vatively for comparison with the 7.9 A˚ (I4122) structure. The
complete CHC structure was built into this 9 A˚ (P42212) data
and refined using only a few rounds of standard rigid body refine-
ment (see Figures S1A and S1B available online).DeveMany tests were used to determine the validity of structural
features of the hub-LCb complex established from the 7.9 A˚
(I4122) X-ray diffraction data, while a minimal refinement proce-
dure was used for the 9 A˚ (P42212) data (Figures S1 and S2).
For the structure generated from the 7.9 A˚ (I4122) data, decoy
polyalanine helices misplaced into solvent density always re-
turned negative density after refinement, verifying the refinement
protocol (Figure S2D). Only helices built into density greater
than 0.9 s reliably improved the refinement and only when near
the protein envelope. Based on these tests, a strict cut-off of
1.2 s was use for placing helices. Test models of the clathrin
hub in a variety of conformations were assessed for correspon-
dence to the molecular replacement solution after simple rigid
body refinement and could be clearly identified as matching
the electron density or not, supporting further the validity of the
model refinement.
The final model derived from the 7.9 A˚ (I4122) crystal localized
CLC density relative to CHC density (Figure 1) in molecular detail
comparable to a cryoEMmap. The residue numbers ofmostCHC
helices could be assigned by extension from the search model,
but numbering the predicted CLC helices was not possible.
Nonetheless, the relative disposition of the two subunits revealed
conformational differences between the clathrin legs that were
evident in models generated from both the 7.9 A˚ (I4122) and the
9.0 A˚ (P42212) crystals (Figure 1; Figures S1A–S1C).
Identification of Conformational Changes in Clathrin
In both crystals there is one hub-LCb complex per asymmetric
unit and two different conformations of hub legs. One crystal
contact in each of the structures might reflect assembly-like
interactions butmost contactswere compatible with hub in a dis-
assembled state. Comparison to the cryoEM lattice structure
(Fotin et al., 2004) revealed that the ‘‘pucker’’ of the unassembled
CHC hub is similar to that seen for assembled triskelia (Movie S1)
and that the proximal leg regions are similarly rigid and straight
(Figures 1A, 1C, and 1D; Figure S1A). In contrast, the knee
regions of legs in both determined structures displayed either
a ‘‘bent’’ conformation or a ‘‘straight’’ conformation (Figures
1A, 1C, and 1D; Movie S1 and Figures S1A–S1C). The legs
with bent knees from both determined structures aligned well
with the structure of CHC from cryoEM reconstructions (Fotin
et al., 2004) (Figure S1C). The two straight knee conformations
in the 7.9 A˚ (I4122) crystal have different contacts, suggesting
contacts are not significantly influencing the observed confor-
mations (Figure 1C). In the 7.9 A˚ (I4122) structure, the straight
knees are associated with extended CLCs (Figures 1A and 1D;
Movie S1) with assigned CLC density extending from the CHC
trimerization domain along the proximal leg to the crease of
the CHC knee where the CLC N termini are bound. For one of
these extended CLCs, continuous density assignable to most
of the CLC was resolved. The bent knee displayed by the third
leg has no detectable CLC density in the knee region (Figures
1A and 1D), suggesting a more compact structure for the asso-
ciated CLC. Density assigned to this compact CLC is present at
the trimerization domain and spans about half of the proximal leg
(Figure 1D; Movie S1), with the CLC N terminus bent away from
the CHC knee region. It is unclear whether this exact positioning
is physiological, though the release of the N terminus from the
knee region appears to be critical for regulating assembly oflopmental Cell 18, 854–861, May 18, 2010 ª2010 Elsevier Inc. 855
Figure 1. 7.9 A˚ Resolution Electron Density of the
Clathrin Hub-LCb Complex and Conformational
Variability of CLCs
(A) Model of the hub-LCb complex determined by X-ray
crystallography with 2Fo  Fc electron density (0.06 e/A3,
1.2 s; blue mesh). Details are shown in numbered boxes
indicating the regions. Regions 1 and 2 show CHC straight
knee conformations (brown ribbons) and region 3 shows
the CHC bent knee conformation (blue ribbons), N-
terminal to the proximal (prox) leg. CLC residues are
shown as yellow ribbons and highlighted by arrows in
region 1. Asterisks in region 5 (trimerization domain) indi-
cate helices from the C terminus of CLC that make
contacts with two different CHCs.
(B) The high resolution structure of the CHC proximal leg
(1B89; green ribbon) (Ybe et al., 1999) fitted into the
2Fo  Fc electron density from the proximal leg region
(two views shown). Arrows point to density corresponding
to CLC.
(C) Straight (brown ribbons) or bent (blue ribbons) legs
from the 7.9 A˚ spacegroup I4122 structure were aligned
with each other in PYMOL. Boxes show contacts between
crystal symmetry-mates (green) surrounding the
N terminus of straight or bent legs, colored as above.
Arrows point to areas of symmetry-mate contact closest
to the N terminus of each leg.
(D) Structural model of the clathrin hub-LCb complex.
CHC helices are in brown (straight conformation) and
blue (bent conformation) and CLC is in yellow. CLC
extends from the trimerization domain to the knee region
on two legs with straight knees (arrows), while on the
bent leg CLC forms a more compact structure in the N-
terminal region (arrowheads).
(E) Diagram indicating the possible FRET interactions and
the locations of the fluorescent dyes in blue and green.
Orange arrows indicate distances favorable for FRET
between two CLCs (background at the trimerization
domain or between termini of CLCs). Dashed black arrow
indicates a distance unfavorable for FRET.
(F) CLC labeled randomly with two different fluorophores
was bound to clathrin hub and these complexes were
mixed with complexes of hub with unlabeled CLC to
prevent intermolecular energy transfer (as determined in
Figure S1D). FRET was measured in either the unassem-
bled or the assembled state. Each bar represents the
mean ± SEM (n = 3).
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of each CLC interacts with helices derived from two different
CHCs at the hub vertex (Figure 1A, trimerization domain), ex-
plaining the biochemical and genetic evidence that CLCs
contribute stability to the trimerization domain (Chen et al.,
2002; Huang et al., 1997; Pishvaee et al., 1997; Wang et al.,
2006; Ybe et al., 2007).
Clathrin Light Chain Switches Conformations during
Hub Assembly
Correspondence of the hub leg with a bent knee conformation to
legs in the assembled clathrin lattice (Figure S1C) suggested that
bent knees with the compact CLC conformation are compatible
with assembly, while straight knees with extended CLC are char-
acteristic of disassembled hub. To test whether CLCs switch
conformations upon assembly, the proximity of their N and C
termini was assessed in disassembled and assembled hub-
CLC complexes using Fo¨rster resonance energy transfer856 Developmental Cell 18, 854–861, May 18, 2010 ª2010 Elsevier In(FRET). To attach fluorescent probes near the CLC termini, the
neuronal isoform of human LCb was engineered to have a single
cysteine at either terminus by introducing two mutations (S9C
and C190S). Labeling with a mixture of Alexa 555 and Alexa
647 yielded CLCs with a different fluorophore at either terminus
(Figure 1E) or labeled with the same fluorophore. Labeled CLCs
were bound to CHC hubs and their FRETmeasured under disas-
sembled conditions. The extended conformation of CLC is too
distant for significant FRET between coupled fluorophores, but
a background level of FRET (efficiency of 49% ± 8%) results
from different fluorophores at the C termini of CLCs juxtaposed
at the hub trimerization domain and from some CLCs stochasti-
cally adopting the compact conformation (Figures 1E and 1F).
Hubs with labeled CLCs were then mixed with an excess of
hubs with unlabeled CLCs, and FRET was measured following
induction of assembly. The FRET signal was significantly
increased (efficiency of 78% ± 10%) when hub-CLC complexes
were assembled (Figure 1F), indicating increased proximity ofc.
Table 1. Crystallographic Data Collection and Refinement for Clathrin Hub-LCb Complex
7.9 A˚ Native Data (High Resolution Shell) 9 A˚ Native Data (High Resolution Shell)
Data collection
Space group I4122 P42212
Cell dimensions (A˚) a = b = 228.5, c = 710.3 a = b = 229.7, c = 512.2
Wavelength (A˚) 1.1 1.1
Resolution (A˚) 250–7.94 (8.55–7.94) 500–9 (9.23–9.00)
Rsym (%) 7.5 (88.2) 17.7 (60.5)
I/sI 4.7 (2.8) 5.3 (1.5)
Completeness (%) 99 (97.2) 78.7 (78.1)
Redundancy 9.0 (9.7) 3.1 (3.2)
Total number of observed unique reflections 10,700 (2,079) 8,530 (838)
Refinement Rigid Body Simulated Annealing Standard Rigid Body
Resolution (A˚) 100–7.9 500–9
Number of reflections used in refinement 10,208 (test set 566) 8,097 (test set 431)
Rwork 0.42 0.48
Rfree (5%) 0.42 0.47
Average B factor (A˚2) 295.203 131.8
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nates the possibility that increased FRET upon assembly results
from interactions between triskelia. This was established empir-
ically by titration of unlabeled hubs into the assembly reaction
(Figure S1D). These FRET data confirm that CLC switches to
a more compact conformation when clathrin assembles.
Electrostatic Assembly Regulation by Clathrin Light
Chain Involves a Loop at the Heavy-Chain Knee
In the extended CLC conformation, the N-terminal CLC residues
interact with CHC residues in the crease of the knee, near a loop
comprised of basic residues (R1161KKAR1165 or KR loop) (Figures
2A–2C). This positioning and its evolutionary conservation
(Figure 2C) suggested the possibility that the KR loop might be
the complementary half of an interaction with the N-terminal
EED sequence of CLC that controls pH sensitivity of clathrin
assembly. The KR loop is also the hinge point for the straight
and bent CHC knee (Figures 2A and 2B), situating that loop at
a site where CHC knee conformation would be affected by
CLC binding. To test the role of the KR loop in assembly regula-
tion, recombinant CHC hub fragments were mutated at K1163
and R1165 to glutamate and aspartate, respectively. Both
wild-type and KR mutant CHC hub bound CLC with similar
affinity, revealing a slight difference in on rate, with no difference
in off rate (Figure 2D). Both hub forms were fully saturated with
CLC and the complexes were tested for assembly properties.
When CLC was bound to wild-type hub, it inhibited assembly
at pH 6.7, as reported previously (Ybe et al., 1998). When CLC
was bound to the KR mutant hub, its ability to inhibit hub
assembly at pH 6.7 was significantly impaired (Figures 2E and
2F). Thus the KR loop is implicated in assembly control. The
partial susceptibility of the KR mutant to CLC regulation
suggests either that additional minor CLC-CHC interactions
contribute to assembly regulation or that the remaining positively
charged residues in the KR loop can still interact weakly with the
EED sequence. These positively charged residues were retainedDevein the mutant to minimize perturbation of the CHC structure.
Mutation of the E20ED22 sequence to KKK (Figure 2E) or QQN
(Ybe et al., 1998) in LCb impaired CLC control of assembly simi-
larly to the KR loop mutation. Attempts to regain regulation by
combining the charge switch mutant of CHC (KR mutant) with
that of CLC (EED to KKK) led to inconclusive results, likely due
to failure to recapitulate local pKa values required for their elec-
trostatic interaction. These mutagenesis experiments suggest
the KR loop on CHC is the binding partner of the regulatory
EED sequence of CLC and support a central role for their interac-
tion in assembly regulation. Localization of this electrostatic
switch to CLC-knee interactions and not to the assembly inter-
face of the lattice suggests negative regulation of clathrin
assemblybyCLCs results from their effect onCHCkneebending.
Modeling Clathrin Light-Chain Regulation of Assembly
The consistent angle of orientation of triskelion legs is lost when
CLCs are removed, supporting a role for CLC in controlling knee
bending (Schmid et al., 1982; Ungewickell, 1983). To visualize
CLC-induced changes in CHC bending and how they relate to
the mechanism of clathrin assembly, complete clathrin triskelia
with straight or bent knees weremodeled by structural alignment
(Figure 3A), revealing an obvious difference in knee angle.
Triskelion hubs with one full bent or straight leg modeled were
then aligned with the hub regions in an assembled lattice [at
both a hexagon (Figures 3B and 3C) and pentagon edge]. This
alignment revealed that the straight knee conformation would
clash with adjacent triskelia and be refractory to assembly
(Figure 3C). Critical assembly interactions involving the distal
leg and the ankle domains have been predicted (Fotin et al.,
2004;Wakeham et al., 2003) and both would bemisaligned in the
extended CLC-straight CHC knee conformation (Figure 3C).
The compact CLC conformation in which CLC is dissociated
from the knee is permissive for assembly by allowing the CHC
knee to bend and accommodate to either hexagonal or pentag-
onal angles.lopmental Cell 18, 854–861, May 18, 2010 ª2010 Elsevier Inc. 857
Figure 2. The KR Loop in the CHC Knee Participates in Electrostatic Regulation of Assembly by CLC
(A) Expanded boxed region shows the position of the KR loop (blue spheres, residues 1161–1165 in CHC) relative to CLC. The straight knee conformation (brown)
associated with the extended form of CLC (yellow) and the bent knee conformation (cyan) associated with the compact form of CLC (not shown) are overlaid. The
KR loop is indicated by red arrowheads. Major deviations between the overlaid structures occur distal to the KR loop.
(B) Expanded box region of (A), rotated 90 (straight knee only).
(C) Alignment of various CHC protein sequences around the KR loop (bold, yellow highlight). Red highlights show differences that alter the charge distribution.
Residues mutated to alter the KR loop charge are indicated by asterisks (K1163E and R1165D).
(D) SPR analysis of CLC interactions with wild-type clathrin hub or KR loopmutant (mut) hub. Human neuronal LCb was immobilized on the SPR chip surface and
wild-type or KR loopmutant hub flowed over at different concentrations (indicated in different colors). The fitted binding affinity for wild-type was 25 nMwhile KR
loop mutant was 59.1 nM. The difference in affinity for CLC was due to a slowed on-rate for the KR loop mutant likely due to decreased electrostatic attraction.
(E) Purified hubs [wild-type (WT) or mutant (KR)] were saturated with CLC [wild-type neuronal LCb (WT CLC) or neuronal LCb with E20ED22 mutated to K20KK22
(MUT CLC)] or left unoccupied and assayed for assembly at pH 6.7 by light scattering. The ratio of assembly signal for hub with light chain to assembly signal for
hub without light chain is plotted for each reaction (mean ± SEM, nR 3).
(F) Representative kinetic assembly data for wild-type (WT) or KR loop mutant (MUT) hub with or without CLC bound, as indicated. Assembly is detected spec-
trophotometrically by an increase in light scatter at OD320.
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In this study, we propose and validate a model for how CLCs
negatively regulate clathrin assembly. The model is based on
structural features determined from low resolution diffraction
data obtained from two different crystals of hub-LCb complexes.
We used a combination of molecular replacement and noncrys-
tallographic symmetry averaging to refine X-ray data at 7.9 and
9.0 A˚ resolution and found that it was possible to clearly assign
density to each clathrin subunit. Determined density maps re-
vealed similar protein topology from the two different data sets
with different space groups and crystal contacts, generating
confidence in our structural analysis. As expected this approach
did not reveal structural details at atomic resolution. However,
coordinated conformational differences in CLC and CHC were
clearly observed, suggesting that CLC’s negative regulation of
clathrin assembly is due to its ability to alter CHC knee conforma-
tion. This hypothesis was validated biochemically by mapping858 Developmental Cell 18, 854–861, May 18, 2010 ª2010 Elsevier Inassembly control residues to the CHC knee and the CLC N
terminus, locating an electrostatic interaction known to regulate
assembly. Additionally, conformational changes of CLC during
clathrin assembly were verified by FRET during assembly reac-
tions. Together the structural and functional data described
here suggest that electrostatic interactions control whether the
CLC is bound to the CHC knee. If CLC is bound, the knee is
straight and assembly is inhibited. If the CLC is retracted from
the knee, in a more compact state, assembly is favored. This
model explains the pH sensitivity of CLC regulation of clathrin
assembly in vitro and provides a starting point for understanding
cellular control of clathrin assembly.
The model established here predicts that absence of CLC
creates triskelia with greater knee flexibility that should be able
to assemble. Compatible with this prediction, previous biochem-
ical analysis has shown that clathrin can assemble without CLC
in vitro and will assemble from pieces when the distal leg is com-
pletely severed from the knee (Greene et al., 2000; Ungewickellc.
Figure 3. Modeling CLC-Induced Conformational
Changes in the Triskelion Knee and Comparison
to the Assembled Clathrin Lattice
(A) CHC triskelia with all straight knees or all bent knees
were modeled by alignment of distal legs (residues
1–1130) from the cryoEM structure of Fotin et al. (2004)
with the hub structures determined here. Straight confor-
mation (brown) and bent conformation (cyan) of knee
regions are shifted 30 starting from the KR loop hinge
point.
(B and C) Alignment of two modeled hubs, both with
a single full-length bent knee leg (B) or straight knee leg
(C), with two assembled triskelia in the cryoEM structure
(1XI4; Fotin et al., 2004). Black bars indicate regions
used to align cryoEM and hub crystal structures and the
CLCs are shown in yellow in their relative positions in the
hub-LCb complex. Arrows indicate points of steric clash
in (C). Insets indicate the geometric alignment of the
bent or straight leg triskelia as modeled in (A) along edges
of the clathrin basket.
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assemble and function in tissue culture cells depleted of CLC
(Huang et al., 2004; Poupon, et al., 2008). Proteomic analysis of
CCVs from different tissues suggests that CLC expression levels
are stoichiometric with CHC only in brain (Girard et al., 2005).
Fewer CLCs per triskelion in non-neuronal tissuewould decrease
the influence of CLCs on assembly and render various assembly-
promoting adaptors more influential. Thus, we propose that the
ability of CLC to control clathrin assembly is more effective in
neurons where clathrin assembly has to be finely coordinated
for synaptic vesicle protein recapture and is additionally con-
trolled by neuron-specific versions of adaptors (Brodsky et al.,
2001). This is consistentwith the observation that in non-neuronal
tissue themain detectable phenotype of CLCdisruption is related
to the Hip-binding function of CLCs and consequent regulation
of the actin cytoskeleton, rather than an effect on CHC assembly
(ChenandBrodsky, 2005;Pouponet al., 2008;Wilbur et al., 2008).
It is interesting to note the predicted phosphorylation sites for
LCb (Hill et al., 1988) are located in the knee-binding region, so
phosphorylation might be another mechanism to regulate knee
flexibility. The Hip proteins also bind the N-terminal region of
CLCandpromoteassemblyof clathrin in vitro (ChenandBrodsky,
2005; Legendre-Guillemin et al., 2005). Thesepotential regulatory
features suggest that knee bending might be gradually manipu-
lated such that CLC conformation could influence the hexagon-
pentagon switch during lattice curvature, a proposed function
of knee flexibility (Musacchio et al., 1999). In conclusion, we
have localized full-length CLC relative to the CHC and defined
the mechanism for CLC regulation of clathrin lattice assembly.
This should provide a framework for establishing how other
modes of regulation occur in clathrin mediated-endocytosis,
particularly in neurons, and generate new concepts for under-
standing regulation of self-assembling systems in general.Developmental Cell 18EXPERIMENTAL PROCEDURES
Protein Production and Assembly Assays
Bovine CHC residues 1074–1675 (hub) were expressed
and purified as described previously (Liu et al., 1995).
Bovine neuronal LCb used in crystallography was ex-pressed and purified as described previously (Ybe et al., 1998). Human
neuronal LCb was expressed and purified as a his-tagged fusion protein for
assembly assays, FRET assays, and surface plasmon resonance (SPR). His-
tagged LCb behaved identically to untagged bovine LCb (data not shown).
Assembly assays were performed as described previously (Ybe et al., 1998).
Crystal Growth and Data Collection
Crystals were grown in 200 mM citrate, 16%–22% glycerol, and 2% trifluoroe-
thanol. Data was collected at the Advanced Light Source beamline 8.3.1. To
collect low resolution data, two separate data sets were collected. The highest
resolution reflections were collected using standard procedures. To gain
adequate separation of the very low resolution reflections in the second data
set, the detector was moved to the maximum distance from the crystal. With
no further modifications the majority of the expected low resolution reflections
could be accurately measured.
Data for the I4122 spacegroup was originally processed to 8.3 A˚ with an I/sI
of approximately 4 using DENZO. To improve the resolution, mapswere calcu-
lated using phases calculated from a molecular replacement solution
(described below). Data was then processed to higher resolution in 0.1 A˚ or
0.2 A˚ steps, using HKL2000, despite worsening processing statistics and
maps recalculated. This iterative process continued until visual inspection of
the maps showed no improvement.
Molecular Replacement Model Development
To generate an accurate model for molecular replacement, comparative
models of the CHC repeats were generated. Structural alignment to the cryo-
EM structure (PDB code 1X14), loop modeling, and energy minimization were
used to build a complete model of CHC (see Supplemental Information). This
all-atom model was truncated to a trimer of residues 1280–1630 and used
successfully to find a molecular replacement solution where more simplistic
search models had failed.
Phasing and Refinement of Crystal Data
Crystal datawas phasedbymolecular replacement usingPhaser (McCoy et al.,
2007), built with Coot (Emsley and Cowtan, 2004), and refined with CNS
(Brunger, 2007; Brunger et al., 1998) or REFMAC (Murshudov et al., 1997).
The following strict guidelines for building into maps were followed to help
prevent overinterpretation of the low resolution information. All new structural, 854–861, May 18, 2010 ª2010 Elsevier Inc. 859
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higher with positive Fo  Fc density associated with it. Novel regions from
CLC were built as polyalanine helices due to the low resolution of the maps.
Since the CLC was not a continuous chain, the numbering of newly built resi-
dues is arbitrary. Building and numbering of CHCwas based on the refined all-
atom model used for molecular replacement.
To improve the maps prior to model building for the 7.9 A˚ (I4122) data, two
steps were taken. One round of rigid body refinement was performed using
REFMAC, with each leg within the molecular replacement search model
defining a rigid body. This was performed to be sure the position of each leg
was correct within the trimer. NCS averaging of maps (FOM weighted phases
with observed amplitudes) generated from the first round of rigid body refine-
ment, across all three legs, caused density near the N terminus of CHC to
disappear, while density for the helical region of CLC became more defined
(Figure S2B). NCS averaging all possible combinations of two legs led to deter-
mination that one randomly assigned pair of legs retained density at the N
terminus (Figure S2B). This suggests that these two legs are very similar in
conformation while the third (chain C) is different.
Adjustments to the model were initially followed by simple rigid body refine-
ments with two domains for each leg and the domain boundary at the flexible
knee joint. Further rigid body refinements after model adjustments occurred
with increasingly smaller domains strongly restrained by the NCS. Details of
the domain boundaries and NCS restraint parameters can be found in the
Supplemental Information.
Subsequent refinement consisted of NCS restrained rigid body refinement
alternating with NCS restrained domain B factor refinement. Final rounds of
refinement, used to help minimize model bias, were achieved through simu-
lated annealing with individual helices as rigid body groups while maintaining
NCS restraints. The NCS restraints were gradually decreased through the last
rounds of simulated annealing. Overall less than 2000 parameters were refined
against greater than 10,000 reflections. Map calculations for refinement steps
were either with CNS 1.2 including default optimization of bulk solvent mask
scaling parameters or with REFMAC with solvent scaling parameters, ionic
radius, and shrink equal to 2.0. This was necessary for calculation of high
quality maps similar to previously determined low resolution structures (DeLa-
Barre and Brunger, 2003, 2006). The 9 A˚ (P42212) data was phased by molec-
ular replacement and minimally refined with standard rigid body refinements.
Testing for Model Bias with Decoy Building
The intentional addition of helices outside but near 2Fo  Fc map density for
the 7.9 A˚ (I4122) was used as a test for building with minimal model bias (Fig-
ure S2D). Helices placed in density weaker than 0.9 s consistently appeared in
negative density upon refinement and produced higher Rwork or Rfree values.
The density, especially that of the N termini of the CLCs, represents the posi-
tion of the domain relative to other domains of both CLC and CHC.
Modeling Complete Triskelia by Combination of New
Crystallographic Data with CryoEM Data
Structural alignments between elements from the crystal structure reported
here and the cryoEM structure reported by Fotin et al. (2004) (PDB 1XI4)
were used to model full triskelia. Full legs were built by aligning the distal leg
(residues 1–1130 of the cryo-EM lattice) with residues 1074–1130 from the
crystal structure, which are N-terminal to the hinge point in the knee region
(Figures 2A and 2B, red arrowheads). Three straight legs or three bent legs
were trimerized by alignment with the C-terminal part of the hub.
Fo¨rster Resonance Energy Transfer
FRET assays were performed by labeling a double mutant of LCb (S9C and
C190S) with a mixture of Alexa 555 and Alexa 647 fluorescent dyes and
measuring steady-state energy transfer under assembly or disassembly
conditions.
Surface Plasmon Resonance
For SPR analysis, LCbwas covalently coupled to the surface of a CM5 flow cell
(Biacore) and clathrin hub was flowed over the surface. Data was collected on
a Biacore T100 biosensor and processed with Scrubber (University of Utah,
Center for Biomolecular Interactions).860 Developmental Cell 18, 854–861, May 18, 2010 ª2010 Elsevier InACCESSION NUMBERS
Crystal structures and data have been deposited to the Protein Data Bank with
accession codes 3LVG and 3LVH.SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, two tables, one movie, and
Supplemental Experimental Procedures and can be found with this article on-
line at doi:10.1016/j.devcel.2010.04.007.
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